lished in grasslands (Barratt and Silander, 1992; Brink April to September for 2 yr; random amplified polymorphic DNA Chapman and Anderson, 1987; Fothergill (RAPD) profiles of 1160 and 973 samples, in 1997 and 1998, respecet al., 1997; Grime et al., 1988) . However, naturalized tively, were analyzed. Significantly more clones were sampled in 1997 white clover populations persist for many decades in (162) than in 1998 (58) (P Ͻ 0.0001). The majority of clones were grazed swards at northern midlatitudes. White clover not detected more than once during each year. The soil water content persistence in pastures where commercial seed is not was significantly lower in 1998 than in 1997 (P Ͻ 0.0001). The number applied is due to two primary mechanisms: (i) New of sampled clonal members in quadrats ranged from 0.5 to 12.8 across both years on the three pastures. Within-population analysis of molecplants (genotypes made up of one or more rooted stoular variances (AMOVA) by date for the three pastures ranged from lons and trifoliates) can be established through rare 15 to 74% and 46 to 80% in 1997 and 1998, respectively, indicating germination and subsequent rare seedling recruitment low to medium genetic diversity in the populations. The fraction of in the spring (Chapman, 1983; Fothergill et al., 1997;  clonal samples relative to the total number of samples ranged from Grime et al., 1988) ; and (ii) plants can increase in size by 0.03 to 0.78 in 1997 and 0.04 to 0.33 in 1998. Higher numbers of clonal clonal propagation via stolon nodes (Chapman, 1983) . members appeared to reduce genetic diversity; however, this was When nodes within a stolon die, resulting fragments offset by rapid turnover of clones. We conclude that genetic variability become separate plants of the same genotype. Because of white clover is dynamic at the local scale, which contributes to its white clover spreads primarily by vegetative propagalong-term persistence in grazing lands.
tion and because plants are thought to continuously propagate, one might expect many clonal patches and therefore low genetic variability within pastures. Al-W hite clover is an important functional component though a white clover genotype could potentially domiof temperate grazed ecosystems because of symbinate a grassland by fragmenting into many clonal plants otic nitrogen fixation and its high nutritional quality (Cahn and Harper, 1976) , the largest diameter clone (Caradus et al., 1996) as an animal feed. White clover reported was less than 6 m (Harberd, 1963) . is a stoloniferous, obligately outcrossing, tetraploid speClonal patches generally range in size from Ͻ1 to 5 cies. It flowers prolifically during the growing season, distribution of white clover genotypes was studied in four m 2 , and patch size is limited by site-specific conditions permanent 2.8-m 2 quadrats. Quadrats 3 and 4 were in a flat, (Cahn and Harper, 1976; Harberd, 1963) . Genetic variwell-drained paddock about 2 m above and 100 m away from ability of white clover can be high at the local (Burdon, quadrats 1 and 2. Each of the pair of locations was separated 1980) and regional (Gustine and Huff, 1999) "undefined selective or biotic forces" frequently are subquadrats that had not been sampled for white clover. The cited along with infrequent seed germination and seedextent of vegetative cover (composed of white clover, grasses, and other species) and the sward gap area was estimated ling recruitment (Burdon, 1980; Cahn and Harper, 1976) .
visually at each sampling date. The weed cover in the quadrats
The purpose of our study was to investigate how clone on the three pastures ranged from 0 to 50% of the sward. lected during the study (had there been a stolon with a trifoliate leaf at each sampling point for every quadrat in both
MATERIALS AND METHODS
years). The total numbers of samples collected in 1997 and The white clover populations used in this study were part 1998 were 1160 and 973, respectively. Trifoliate leaf samples of three managed permanent pastures in the ridge and valley were taken from up to 37 sampling points in a quadrat at each physiographic region of Pennsylvania (Table 1 ). The sites were date. Each sample for genomic DNA analysis consisted of similar in elevation but varied in soil types (Table 1) . The one to four trifoliate leaves from the same stolon. If no stolon rotationally stocked swards were not treated with chemical was present within 2 cm of the sampling point, a sample could fertilizers. The pastures had been grazed for at least 5 yr since not be taken; if more than one stolon was present at the the previous seeding, and the white clover populations studied sampling point, trifoliate leaves were collected from a ranpresumably had developed from the viable seed pool (as dedomly selected stolon. Since we did not mark stolons, we did fined by Silvertown and Lovett Doust, 1993) of naturalized not know if a plant was sampled on more than one date. If a clover. The pastures in Juniata (JU) and Mifflin (MI) Counties stolon had no trifoliate leaves, the plant was not sampled. consisted of 10 to 60% white clover and 10 to 80% grasses, Leaf samples were stored on ice at the time of collection, which were composed of tall fescue (Festuca arundinacea
(Phalaris arundinacea L.) and less than 25% white clover. The processed, and RAPD profiles generated (Gustine and Huff, the populations for each quadrat, listing sample genotypes identical to other samples from the study. Euclidean distance 1999). Because of the time required to perform RAPD analyses, only a single DNA extraction was done for each sample; matrices calculated for all populations were evaluated by AMOVA, v. 1.55 (Excoffier, 1995) . however, repeated polymerase chain reaction amplifications of genomic DNA samples consistently produced the same We used molecular markers to identify and track physical and temporal positions of clones and to characterize genetic markers. Polymerase chain reactions of genomic DNA, gel electrophoresis, and ethidium bromide staining was pervariation of white clover populations at the local scale. Analyses of the RAPD profile data enabled us to estimate the formed, according to Gustine and Huff (1999) . Gels were documented with the Kodak DC120 digital camera and bands number and size of clonal patches. However, with our sampling method, we could not determine the absolute size of detected with Kodak 1D Image Analysis Software (Eastman Kodak Co., Rochester, NY). Some genomic DNA preparaclones, we could only estimate their size based on the number of samples with identical RAPD profiles. We assumed that tions that did not yield usable RAPD profiles were precipitated in 2 M NaCl to remove polysaccharides (Sambrook et samples with identical RAPD profiles were from the same ancestral plant and were thus a member of a clone. Analyses al., 1989). Genomic DNA from this purification step gave useful RAPD profiles. Polymerase chain reactions were perof molecular variance were calculated with Euclidean distance matrices based on RAPD profile data. This allowed us to infer formed at least twice on each sample, and only repeatable bands were scored.
effects of clonal structure and size on genetic variance within white clover populations. Analysis of molecular variance apThree primers (OPA08, OPB14, and OPH12; Operon Technologies, Alameda, CA) used by Gustine and Huff (1999) portions the genetic variance among individuals within populations, among populations within groups, and among groups. were used for this study. The initial RAPD profile data set consisted of 32 molecular markers found in the 2133 samples.
Because AMOVA could not analyze more than 255 samples in an analysis, we only determined variances for the first two of From these, 28 markers were selected that were represented on all of the dates. Marker size was determined by comparithe three levels of hierarchical analysis of molecular variance. Repeated measures analysis of variance using SAS PROC son with the 100-bp ladder from Life Technologies (Gaithersburg, MD) and ranged from 0.275 to 1.45 kilobase pairs (kb) MIXED (SAS Institute Inc., 1998) was used to analyze the data. The statistical model included years, sites, and sampling in length. Markers were scored as present (1) or absent (0). No monomorphic markers were present in the data set. The dates. Data were checked for normality and heteroscedasticity, resulting in assessment of significance on transformed scales number of DNA markers defining a clone ranged from 3 to 18 for all sampling dates.
for members per clone (log 10 ) and percent of white clover (quartic root). Covariance structures for the repeated meaRandom amplified polymorphic DNA profiles were analyzed by RAPDistance, v. 1.04 (Armstrong et al., 1996) . The sures analyses were adequately modeled by either compound symmetry (samples per quadrat, clones per quadrat, genotypes program RAPDSTAT was used to produce statistics about per quadrat, single genets, and sward gap area) or heterogeneous compound symmetry (single genets, percent of white clover, and soil water). A compound symmetry structure has constant variance and covariance for all months, while a heterogeneous compound symmetry structure allows different variance and covariance for all pairs of months. Model filling criteria calculated by PROC MIXED were used to choose the best of several covariance structures. Tukey's method was used to adjust P-values for multiple means comparisons. Significance was assessed at the 5% level, unless indicated otherwise in the text.
RESULTS
In 1997, volumetric soil water content averaged for quadrats and dates on the JU pastures (0.19 m 3 m Ϫ3 ; Table 2 ). When soil water values were averaged across three sites, there were differences among harvest dates (P Ͻ 0.02). There was no significant change from June to July 1997. In the 1998 growing season, the range of soil water content values was similar to that in 1997. The mean soil water values for the three sites in June, July, and September (0.13 to 0.19 m 3 m Ϫ3 ) were not different from each other, but were higher than in August (0.09 m 3 m Ϫ3 ), and lower than May (0.29 m 3 m Ϫ3 ) (P Ͻ 0.001). 49% higher for MI and JU sites in 1998 than in 1997. during January through April. Floristic cover and sward gap area were variable 1997, and 135 in 1998. Most clones were detected at one within each quadrat at all sampling dates for both years date only, but nine and three clones were detected on (data not shown). The values for white clover cover two dates during 1997 and 1998, respectively. Members were not normally distributed and were transformed to of eight and five clones were also found in different (yϩ1) 1/4 values. White clover cover for all sites was quadrats during 1997 and 1998, respectively. greater (P ϭ 0.0001) in 1997 (21%) than in 1998 (10%).
Comparison of RAPD profiles from 1997 samples Sward gap area for all sites was lower (P Ͻ 0.0001) in with those from 1998 revealed only a few genotypes in 1997 (32%) than in 1998 (42%). Sward gap areas were both years. Presumably, most genotypes had survived highly variable in subquadrats and were as high as 95%.
the winter, but only a few were detected in both fall Although there were significant year effects for both and spring sampling. Six clones found on a pasture in variables and a significant site effect for white clover 1998 matched clones found on the same pasture in 1997. cover, no trends were apparent. No white clover seedIn each instance, members detected in both years were lings were observed at any sampling date. located in a different quadrat in the second year. Clones Of the 2133 samples taken, we found 1671 different found in both years were never found in more than one RAPD profiles, or 1671 different genotypes. Of those quadrat during the second year. In 1997 and 1998, 28 genotypes, 1451 were sampled only once, and 220 were and 16 members, respectively, were found in different sampled more than once in the populations. Even quadrats. Two were found in two other quadrats. though all identified genotypes were likely white clover
The number of nonclonal samples on each site averclones, for the purposes of this report, the 1451 genoaged across four quadrats ranged from 7 to 20 in 1997 types are called nonclonal samples and the 220 genoand from 3 to 25 in 1998 (Table 4) . Within each year, types are called sampled clones. The number of sampled the HU pasture had fewer nonclonal samples (5 and 5) clones per quadrat varied from 0 to 6 (Table 3) when than the JU and MI (P Ͻ 0.04) pastures, which had 13 averaged across four quadrats per pasture. More sampled clones were identified (162 vs. 58) on the three Table 4 . Number of samples collected and number of nonclonal pastures in 1997 than in 1998 (P Ͻ 0.001; see Table 3 ).
samples † averaged for four quadrats on three Pennsylvania
The mean number of sampled clones per quadrat per members detected for all sampled clones was 547 in 1998 (Tables 5 and 6 ). However, populations sampled (Table 5) . same genetic makeup (AMOVA data not shown). For example, in September 1998, quadrats 2 and 3 at the instances where harvested samples from two different HU pastures shared a ⌽ st of 0.03, which means the two dates on the same or different pastures revealed populapopulations were indistinguishable from each other.
tions with similar genetic makeup. Analysis of molecular However, the probability that the variance within the variance results indicated that at the local scale white populations (42%) and the ⌽ st values were more exclover genetic variance in quadrat populations (Table  treme than randomly permuted values was low (P ϭ 6) did not drop to low levels (less than 10%) across two 0.10). There were no instances where harvested samples successive growing seasons. from all four locations represented populations with similar genetic makeup. Furthermore, there were no ously taken to understand how white clover populations ‡ ⌽ st , the genetic variance calculated by analysis of molecular variance (AMOVA), is the correlation of random genotypes within populations maintain high levels of genetic diversity include: (i) lorelative to that of random pairs of genotypes drawn from the whole cate and measure obvious clones in a grassland using genetically controlled morphological traits such as leaf-mark patterns (Brewbaker, 1955; Carnahan et al., 1955) ; diversity are often found (Ellstrand and Roose, 1987; McClellan et al., 1997; Widen et al., 1994) . This situation (ii) cross pollinate suspected clonal individuals that was also reported for white clover (Burdon, 1980; Turwould be self-sterile (Harberd, 1963); or (iii) identify kington, 1985) . Theories to explain this apparent paraand track genotypes throughout the growing season at dox rely on environmentally driven changes in exspecific points on a grid placed in a field (Cahn and pressed morphology of the plants. This could account Harper, 1976). We found that some sampled clones were for phenotypic variation, but not for genotypic variation. detected more than once in the same or a different Somatic mutations (Turkington, 1985 ; Silvertown and quadrat. A genotype could have been missing because Lovett Doust, 1993) in white clover could add to genetic trifoliate leaves on the same stolon had been grazed at variability detected with RAPD profiles. Additional rethe sampling point, a different stolon was sampled, or search with molecular markers to identify genotypes of the stolon was dormant. However, if clones were samleaf and stolon tissues of individual clones is necessary pled later in the same quadrat, members were often to demonstrate somatic differences within a white clodistributed differently within the quadrat, and the numver plant. ber of members was changed (Gustine and Sanderson, Because AMOVA within-population genetic vari-2001) . This observation may suggest that some clones ances ranged from 15 to 74% in 1997, and 46 to 80% were dormant during part of the growing season. White in 1998, we conclude that genetic diversity persists in clover stolons that became dormant under severe populations with a high incidence of clones. We also drought resumed growth when soil water was restored found that the fraction of clonal samples sampled rela- (Harberd, 1963) .
DISCUSSION
tive to the total number of samples was higher in 1997 Analysis of molecular variance (Table 5) showed that than in 1998. We therefore suggest that higher numbers at the farm scale, within-population genetic variability of clonal members and lower within-population variof white clover populations containing clones ranged ances in 1997 were consistent with reduced genetic difrom 15% (highly clonal) to 80% (few clones). The versity in highly clonal populations. within-population genetic variances were generally lower in 1997 than the 60 to 75% reported by Gustine and Huff (1999) , but were generally within that range CONCLUSIONS in 1998. This indicated that differing management pracSeveral mechanisms of white clover vegetative reprotices on the 3 farms were less important in affecting duction may have been at work to prevent low genetic population genetic variance than differences in weather.
variation in the populations. Our results suggest that The genetic variances within populations by quadrat changes in area covered and position of clonal patches (Table 6 ) and by harvest date (Table 5) were 15 to 80%, contribute to variation in white clover populations. Alsuggesting that genotypic heterozygosity was mainthough we did not demonstrate that temporal dormancy tained even though most populations had one or more of white clover plants is a factor, this may also contribute clones present. We also found that no two of the three to the dynamic genotypic diversity of white clover, along white clover populations in Pennsylvania pastures had with loss of plants by winter kill and rare seedling resimilar genetic makeups when sampled on the same date cruitment. (Table 5 ). In previous research, Gustine and Huff (1999) demonstrated that the genotypic composition of four
